Height is a complex genetic trait that involves multiple genetic loci. Recently, 44 loci associated with height were identified in Caucasian individuals by large-scale genome-wide association (GWA) studies. To identify genetic variants influencing height in the Korean population, we analyzed GWA data from 8842 Korean individuals and identified 15 genomic regions with one or more sequence variants associated with height (Po1Â10 À5 ). Of these, eight loci were newly identified in Koreans (SUPT3H, EXT1, FREM1, PALM2-AKAP2, NUP37-PMCH, IGF1, KRT20 and ANKRD60). The 15 significant loci account for approximately 1.0% of height variation, with a 3.7-cm difference between individuals with p8 height-increasing alleles (5.1%) and X19 height-increasing alleles (4.2%). We also examined the associations between height loci and idiopathic short stature (ISS). Five loci (SPAG17, KBTBD8, HHIP, HIST1H1D and ACAN) were significantly associated with ISS (uncorrected Po0.05), indicating that height-associated genes in the adult population are involved in extreme cases of short stature in children. This study validates previous reports of loci associated with human height and identified novel candidate regions involved in human growth and development.
INTRODUCTION
Adult height, a complex genetic trait that involves multiple genetic loci, is a suitable phenotypic trait for genetic studies owing to the high heritability (h 2 B0.75 to 0.9) and the relatively limited contribution of environmental factors. [1] [2] [3] [4] [5] In addition, adult height is easily and accurately measured, and remains relatively stable over much of an individual's lifespan. 6 Furthermore, height is the result of many growth and development processes and is associated with various human diseases. Thus, genetic variants affecting height variation might provide new insight into human growth and development, as well as the genetic architecture of several human diseases. 7 Many genetic linkage studies have attempted to identify the variants influencing the normal variations in human height. Quantitative trait loci for adult height were scattered across the genome with minimal overlap. 8 Furthermore, the resolution of these studies was low, and they have not identified genetic variants that explain the linkage signals. 9 With the development of genome-wide association (GWA) studies, progress in the field of human genetics has been rapid. In 2008, three consortia of research groups reported 54 genetic variants associated with adult height using data from GWA studies. [10] [11] [12] However, these studies were performed in Caucasian populations whose genetic background differs from that of Asians. Therefore, it is unclear whether the associated loci have similar roles in Asian populations, particularly because a recent GWA study performed in a Chinese population revealed markedly different results from those obtained in a Caucasian population. 13 Recently, we performed a GWA study of eight quantitative traits (such as, human height) of biomedical importance in the Korean population. The study identified eight loci that were significantly associated with height, including HMGA1, SPAG17, ZBTB38, PLAG1, FBP2, TBX2, EFEMP1 and LTBP1. 14 In our current study, we analyzed the same data using different analysis approaches to identify additional genetic variants influencing adult height in Koreans. Here, we report newly identified associations between single-nucleotide polymorphisms (SNPs) and height variation. In addition, we investigated the contribution of height loci to idiopathic short stature (ISS), a condition in which the height of the individual is more than two standard deviations (s.d.) less than the corresponding mean height for a given age, sex and population (that is, equivalent to 2.3% of the shortest individuals of the population) for unknown or hereditary reasons. 15 
MATERIALS AND METHODS Subjects
Participants in the GWA study were recruited from two community-based cohorts (that is, the Ansung and Ansan cohorts) in the Gyeonggi Province of South Korea. Both cohorts were involved in the Korean Genome Epidemiology Study (KoGES), a longitudinal prospective study initiated in 2001. The Ansung and Ansan cohorts consisted of 5018 and 5020 participants, respectively, ranging in age from 40 to 69 years. These cohorts adhered to the identical investigational strategy during every 2-year examination. More than 260 traits have been extensively examined through epidemiological surveys, physical examinations and laboratory tests. 14 The ISS patients were recruited from the Department of Pediatrics at the Asan Medical Center in Seoul, Korea. The study group included 128 children with ISS, all of whom met the following criteria: (a) height less than À2 standard deviation score (SDS) relative to age-and sex-matched controls, (b) birth weight more than À2 SDS relative to gestational age-and sexmatched controls, (c) normal height velocity (HV) for 1 year or normal growth hormone (GH) response on two provocative tests in patients with slow HV and (d) no earlier treatment with GH or other anabolic agents. Children with other causes of short stature (for example, genetic, syndromic or organic conditions) were excluded from the study. Control samples used in the case-control association study were obtained from the adult health cohort of the general population in Korea. These controls had no history of disease and were provided by the Biobank for Health Sciences at the Center for Genome Sciences in Seoul, Korea. Initially, our control population consisted of 828 individuals. However, 41 individuals were excluded from the association analysis because they ranked in the bottom 5% of the height distribution of 828 people. Basic anthropometric data of the study subjects are presented in Supplementary Table 1 . These studies were approved by the Institutional Review Board of the involved institutions, and written informed consent was obtained from all subjects and from the parents of all ISS patients.
Genotyping and quality control
Genotyping methods and quality control steps for the GWA study were performed as previously described. 14 Briefly, 10 004 genomic DNA samples were genotyped using the Affymetrix Genome-Wide Human SNP array 5.0 (Affymetrix, Santa Clara, CA, USA). Bayesian Robust Linear Modeling using the Mahalanobis Distance (BRLMM) Genotyping Algorithm (Affymetrix) was used for the genotype calling of 500 568 SNPs. Samples with high missing genotype call rates (44%, n¼401), high heterozygosity (430%, n¼11), inconsistency in sex (n¼41), high identity-by-state values (40.80, n¼601) and any kinds of cancer (n¼101) were excluded from the analysis. A total of 8842 individuals were included in subsequent analyses. To filter the SNP markers, we also excluded SNP markers with missing call rates X1% (n¼104 831) and minor allele frequencies (MAF) o0.001 (n¼63 380). After filtering, 334 546 SNPs were included in the analysis.
The Illumina VeraCode GoldenGate Assay kit (Illumina, San Diego, CA, USA) was used to perform the genotyping of SNPs selected for association analysis with ISS, according to the manufacturer's instructions. Genotype clustering and calling were performed using BeadStudio software (Illumina). The overall genotype success rate was 99.88% and one sample with a high missing call rate (9.9%) was excluded from subsequent analyses.
Statistical analysis
Statistical analyses were performed using the PLINK (version 1.05) (http:// pngu.mgh.harvard.edu/~purcell/plink/) 16 and SPSS programs (version 12.0) (SPSS, Chicago, IL, USA). The GWA study samples exhibited normal height distributions, and individual raw values were used in the association analyses. Height associations were assessed using linear regression analysis adjusted for sex and age under additive, dominant and recessive models for all individuals (n¼8842). To test the association with ISS, the w 2 -test and logistic regression analysis were used to compare allele and genotype frequencies and to estimate the odds ratios in the case and control subjects.
RESULTS

Identification of loci associated with adult height
We recently described eight loci (HMGA1, SPAG17, ZBTB38, PLAG1, FBP2, TBX2, EFEMP1 and LTBP1) that are significantly associated with adult height in the Korean population (n¼8842). 14 Those results were analyzed by linear regression analysis using an additive model. In this study, we analyzed the same data using a different approach by using three different genetic models to search for additional genetic loci affecting the adult height of Koreans. To determine common alleles associated with height, linear regression analysis adjusted for sex and age was performed under additive, dominant and recessive models in all individuals (n¼8842), as previously described. 14 The results of our linear regression analysis are shown in Table 1 . A total of 36 SNPs in 21 loci had significant effects (Po1Â10 À5 ). Among those 36 SNPs, 28 SNPs in 15 loci (LTBP1, EFEMP1, ZBTB38, HMGA1, SUPT3H, PLAG1, EXT1, FREM1, FBP2, PALM2-AKAP2, NUP37-PMCH, IGF1, KRT20, TBX4 and ANKRD60) were commonly significant with Po0.01 in both Ansung and Ansan areas (Supplementary Table 2 ). Among the 15 loci associated with height, seven (LTBP1, EFEMP1, ZBTB38, HMGA1, PLAG1, FBP2 and TBX4) had been previously described in Caucasians and/or our previous report 14 and eight were newly identified for the first time in Koreans.
We then compared the height-associated SNPs in the Korean population with those previously reported in GWA studies of Caucasian individuals (Supplementary Table 3 ). Eighteen loci (SPAG17, ZNF678, EFEMP1, ZBTB38, HHIP, LCORL, BAT3, HMGA1, PLAG1, CHCHD7, PTCH1, HMGA2, SOCS2, ACAN, TBX4, CABLES1, BMP2 and GDF5-UQCC) were consistent with earlier studies (Po0.05) and 15 previously reported loci (SCMH1, IHH, ANAPC13, C6orf106, LOC387103, GNA12, CDK6, PXMP3, ZNF462, DLEU7, TRIP11, ADMTSL3, ADAMTS17, NOG and DYM) did not show significant association with human height in the Korean population. The remaining loci could not be validated because they were not included in the Affymetrix Genome-Wide Human SNP Array 5.0. The MAF in Caucasian and Korean population were not significantly different with regard to replicated and nonreplicated SNPs (data not shown).
Combined effects of height-associated SNPs
To assess the combined effects of the 15 significant SNPs on adult height (Table 1) , we counted the number of height-increasing alleles by applying the genetic mode of the significant SNPs for each individual with the complete genotypes for these SNPs. We then classified the individuals according to the number of height-increasing alleles, and determined the average height for each group. Figure 1 shows the linear increase in the average height with increasing numbers of 'tall' alleles. Altogether, the 15 SNPs accounted for approximately 1.0% of the height variation. Males and females with at least 8 'tall' alleles (5.1%) were 3.0 and 4.4 cm shorter, respectively, than those with at least 19 'tall' alleles (4.2%).
Identification of loci associated with ISS
To search for loci associated with ISS, we selected a total of 44 loci that included newly identified SNPs in Koreans and previously reported SNPs associated with human height. The SNP sites were genotyped in 128 ISS patients and 787 normal controls whose height was greater than that of the bottom 5% of 828 normal individuals. Genetic association analysis identified five genes (SPAG17, KBTBD8, HHIP, HIST1H1D and ACAN) that were significantly associated with ISS (uncorrected Po0.05) ( Table 2 ), indicating that some height-associated genes are involved in conditions such as ISS that are characterized by extreme human height.
DISCUSSION
We performed a GWA analysis of adult height in 8842 Korean individuals and identified 15 genetic regions with significant associations at the P-value o1Â10 À5 threshold in all 8842 individuals and subgroup analysis with P-value o0.01 in both the Ansung and Ansan cohorts. We chose this arbitrary threshold as suggestive association due to the relatively small sample size in our study, even though this threshold does not reach genome-wide significance P-value of 1.5Â10 À7 (in case of P-value o0.05 with 334 546 SNPs used in analysis after SNP filtering). In linear regression analysis, we controlled for sex and age as covariates. In addition, we subdivided our sample into two areas, performed the same analysis, and selected significant SNPs (Po0.01) that were common to both areas. Among the 15 suggestive loci, seven (LTBP1, EFEMP1, ZBTB38, HMGA1, PLAG1, FBP2 and TBX4) had previously been described in Caucasians and/or our previous report, 14 whereas eight were described for the first time in Koreans. Our loose significance threshold had limited power to confirm the associations for some loci. However, many of the newly discovered loci have clear biological functions related to height. Abbreviations: MAF, minor allele frequency; SNP, single-nucleotide polymorphism. The linear regression analysis adjusted for sex and age was used. The results are ordered by chromosome position. SNPs having the lowest P-value within each region are indicated in bold. a Allele 1 refers to a minor allele. Figure 1 Combined effects of 15 significant single-nucleotide polymorphisms (SNPs) on adult height. The number of height-increasing alleles was counted in our samples (n¼8842), along with the complete genotype for the 15 significant SNPs, and individuals were classified according to the number of 'tall' alleles. For each group, the mean ± 95% confidence interval (95% CI) was plotted separately for males and females. The black regression line indicates the mean height of each group (that is, including all individuals), and shows that each additional 'tall' allele increases height by 0.3 cm. The bars represent the proportion of the sample in each group.
Among the eight loci (SUPT3H, EXT1, FREM1, PALM2-AKAP2, NUP37-PMCH, IGF1, KRT20 and ANKRD60) that were newly identified in the Korean population, the EXT1 gene encodes an endoplasmic reticulum-resident type II transmembrane glycosyltransferase involved in the chain elongation step of heparan sulfate biosynthesis. 17 Mutations in this gene cause chondrosarcoma 18 and the type I form of multiple exostoses, an autosomal dominant disorder characterized by multiple projections of bone capped by cartilage. This condition can lead to skeletal abnormalities, short stature and malignant transformation of exostoses to chondrosarcomas or osteosarcomas. 19 The PALM2-AKAP2 mRNA is a naturally occurring co-transcribed product of the neighboring PALM2 and AKAP2 genes. The significance of this co-transcribed mRNA and the function of its protein product have not yet been determined. However, a balanced translocation t(7;9)(p14.1;q31.3) that completely disrupted the AKAP2 gene caused a complex phenotype comprising Kallmann's syndrome and bone anomalies. 20 IGF1 belongs to a family of proteins that mediate growth and development. Specifically, IGF1 mediates several growth-promoting effects of GHs. Defects in this gene result in a deficiency in insulin-like growth factor-1. 21 In addition, although the sample size is limited to detect the same level of significance in 828 sample set, we confirmed that PALM2-AKAP2 (rs7032940), IGF1 (rs1520223) and EFEMP1 (rs3791675) loci were significantly associated with human height (Po0.05) (Supplementary Table 4 ).
Comparison of our results with previous findings in Caucasian populations revealed that many loci associated with adult height overlap: 18 of the 34 loci tested were replicated (Po0.05) (Supplementary Table 3 ). This conflicts with recently published results in a Chinese GWA study. 13 The authors of the Chinese study reported that 6 of the 44 SNPs identified in Caucasian individuals were also significant in a Chinese population (Po0.1, with the same direction of effect). 13 However, the number of subjects included in the Chinese GWA study was limited (n¼618), so the studies cannot be directly compared. However, we observed ethnic differences in MAFs of the SNPs present in both Caucasians and Koreans. Therefore, it is likely that there are ethnic differences in genetic effects on human height.
In this study, we assessed the contribution of height-associated loci to ISS. We tested the association of 44 loci in 128 patients with ISS and 787 normal control individuals. Five loci (SPAG17, KBTBD8, HHIP, HIST1H1D and ACAN) were associated with ISS (uncorrected Po0.05). The HHIP gene encodes a regulatory component in the Hedgehog signaling pathway. Ectopic expression of Hip in transgenic mice results in severe skeletal defects similar to those observed in Indian Hedgehog (IHH) mutants. 22 The HIST1H1D gene encodes a member of the H1 class of histones. 23 It is currently unclear how genetic variants at this locus modulate height. However, several SNPs associated with height in Caucasian populations are involved in chromatin structure and regulation. 7 The ACAN gene is a member of the aggrecan/versican proteoglycan family. The encoded protein is an integral part of the extracellular matrix in cartilaginous tissue. Mutations in this gene cause an autosomal dominant type of spondyloepiphyseal dysplasia, designated SED type Kimberley (SEDK). This disorder is characterized by proportionate short stature (below the fifth percentile for age), with a stocky habitus and progressive osteoarthropathy of the weight-bearing joints. 24 In summary, we examined genome-wide scan data from 8842 individuals and identified 15 loci that influence adult height. In addition, we also identified five genetic loci associated with extreme short stature ISS. This study provides insight into new candidate regions involved in human growth and development. Further replication of our results in other cohorts, as well as fine mapping by resequencing and functional studies, will help identify the true causative variants and will provide a better understanding of the mechanisms of human growth and development. 
